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SUMMARY
Using continuous seismic data from newly available broadband stations in Mexico and Central
America we have obtained group and phase velocity maps of fundamental mode Rayleigh
wave for the region. These newmaps have been calculated for periods between 8 and 60 s from
cross-correlations of seismic ambient noise between 100 broadband stations, and stacked
for 30 months from 2006 to 2008. The tomographic inversion of the obtained dispersion
measurements has been carried out on a 1◦ × 1◦ grid, resulting in maps with resolution better
than 250 km in the well-sampled regions of the model. For short periods (8–16 s) dispersion
maps show good correlation with surface structural features. Low-velocity anomalies correlate
with sedimentary basins around the Gulf of Mexico and Colorado embayment. High-velocity
anomalies at short periods correlate with mountain ranges and regions of thin, extended crust
such as the Gulf of California. Both the lowest and highest group velocity anomalies at these
periods reach values of up to 15 per cent. For periods between 25 and 40 s, velocity anomalies
are related to variations in crustal thickness and temperature. The most prominent low velocity
anomaly correlates with thick crust and high mantle temperatures associated with the Trans-
Mexican Volcanic Belt and the Central American volcanic arc. The most remarkable features
for longer periods (40–60 s) are the differences between high-velocity anomalies beneath the
Mayan block, the Gulf of Mexico and the cratonic part of the United States and low-velocity
anomalies beneath the Chortis block and northern Mexico. The long wavelength features of
our model agree well with previous global and continental scale studies. However, because
of the increased station density of the data set used, we are able to obtain reliable dispersion
maps for shorter periods, and to image smaller scale features.
Key words: Tomography; Surface waves and free oscillations; Seismic tomography; North
America.
1 INTRODUCTION
Mexico is located in the southern part of the North America plate
(NAM) and surrounded by different types of plate boundaries:
trenches, fast and slow spreading ridges and active and passive con-
tinental margins (Fig. 1). The NAM limits in its southern boundary
with the Caribbean plate (CAR) by a strike-slip system generated by
oceanic spreading on the Cayman Ridge. This strike-slip boundary
continues towards thewest intoGuatemala as theMotagua–Polochic
fault system. The westward extension of this fault system and its
link with the Middle American Trench is poorly defined. Towards
the east, the NAM–CAR plate boundary becomes a subduction zone
where NAM subducts beneath CAR along the Puerto Rico trench.
The NAM plate boundary on the Pacific coast of Mexico changes
from subduction of the Cocos and Rivera plates in the south, to
oceanic spreading farther north in the Gulf of California and con-
tinues into the San Andreas fault system. Major sedimentary basins
(e.g. Mississippi and Campeche) can be found at the southeastern
end of NAM, on the Gulf of Mexico passive continental margin.
A number of surface wave tomography studies at different scales
have been carried out in Mexico and surrounding regions. Most
of them are based on earthquake data, although some recent stud-
ies are based on seismic ambient noise. The scales of the surface
wave tomographic studies of this region of the NAM plate range
from global to local. Global surface wave studies (e.g. Trampert
& Woodhouse 1995; Larson & Ekstro¨m 2001) are sensitive to
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Figure 1. (a) Simplified tectonic-geologic map of the study region. Symbols show the broadband seismic stations used according to their network code: CI,
Caltech Regional Seismic Network; CU, Caribbean Network (USGS); G, GEOSCOPE; GE, GEOFON; II, Global Seismograph Network (GSN IRIS/IDA);
IU, Global Seismograph Network (GSN IRIS/USGS); LI, Laser Interferometer Gravitational Wave Experiment (LIGO); MX, National Seismological Service
of Mexico; NR, NARS Array; OV, Volcano and Seismological Observatory of Costa Rica; TA, USArray Transportable Network; US, United States National
Seismic Network. CR, Cayman ridge; GC, Gulf of California; MSZ, Mesoamerican subduction zone; PT, Puerto Rico trench; RP, Rivera plate. Red lines,
spreading ridges; serrated lines, trenches; black lines, transform boundaries, ridges and main faults. (b) Simplified map of the tectonic provinces of the study
area (modified from Sedlock 1993).
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Crustal structure of Mexico 1415
shear wave velocity variations in the upper mantle, but can only
image large features, having almost no sensitivity to crustal struc-
ture. Some continental-scale surface wave studies of North and
South America image the velocity structure beneath all or parts of
Mexico. For example, Godey et al. (2003) obtain phase veloc-
ity maps of fundamental-mode Rayleigh waves for North Amer-
ica from 50 to 150 s with a resolution of 800–1000 km for all
Mexico although only large-scale anomalies are imaged. Vdovin
et al. (1999) obtain Rayleigh wave group velocity maps for South
America from 20 to 150 s, including southern and central Mexico,
with a resolution of 6–8 degrees.AndBensen et al. (2008) determine
Rayleigh wave group and phase velocity maps for the continental
US, including northern Mexico, from 8 to 70 s with a resolution
of 60–100 km in well-sampled areas. Finally, smaller scale regional
and local surface wave studies have also been carried out in differ-
ent areas of NAM, such as the western (Moschetti et al. 2007; Lin
et al. 2008) and eastern continental US (Liang & Langston 2008),
the Gulf of California (Zhang et al. 2007; Wang et al. 2009) and
Central Mexico (Campillo et al. 1996; Shapiro et al. 1997; Iglesias
et al. 2001; Ottemo¨ller et al. 2002; Iglesias et al. 2010). However,
none of these studies covers the entire extension of Mexico with rel-
atively high resolution and many of them, particularly those based
on earthquake data, do not provide information for periods shorter
that 40 s. Therefore, the shallow shear wave structure of many parts
of Mexico remains poorly known.
The goal of this work is to bridge the gap between local and
regional studies and to obtain maps of surface wave velocity vari-
ations for all of Mexico and surrounding regions with higher res-
olution than previous studies, extending the period band to shorter
periods that are sensitive to shallow crustal velocity structure. We
attain this objective by incorporating newly available broadband
stations in the region, and by using a methodology based on seismic
ambient noise interferometry instead of traditional earthquake data.
The first factor contributes to the increase of the ray path coverage
in the region, and the second one allows to extend the period band
of the surface wave measurements to shorter periods, and to sample
regions that would be poorly covered using earthquake data alone.
2 DATA
Data used in this study consist of continuous recordings from ap-
proximately 100 broadband seismic stations of the Mexican and US
national networks and other global and regional networks and tem-
porary deployments. The most important contribution to this study
comes from the use of the stations of the Mexican National Seismic
Network. This network consists of 37 broadband stations distributed
throughout the country, with higher density in Central Mexico. Sta-
tion coverage in the Caribbean region has improved significantly in
recent years because of the deployment of the US Geological Sur-
vey Caribbean Network (McNamara et al. 2006). And finally, the
availability of data from several high-density temporal broadband
networks, such as theNARS array inBajaCalifornia (Trampert et al.
2003), and the USArray Transportable Array in the continental US,
has greatly increased the station density in the western and northern
boundaries of the region. Fig. 1 shows the distribution of broadband
stations used in this study superimposed on a simplified map of the
main tectonic features of Mexico and neighbouring areas. For the
stations shown in Fig. 1 up to 30 months of continuous data record-
ings have been collected (from January 2006 to June 2008). These
continuous recordings have been cross-correlated and stacked for
all station pairs, resulting in more than 4000 interstation paths. Path
Figure 2. (a) Histogram of ray path length for all interstation cross-
correlations. (b) Histogram of the number of days stacked for all interstation
cross-correlations.
lengths range from a few tens of kilometres to more than 6000 km
and the time length of stacked signals varies from 30 d to more than
900 d (Fig. 2). Although stations are not homogeneously distributed
over the study area, the distribution of interstation paths provides a
dense and homogeneous ray path coverage for Mexico, allowing for
a significant increase in resolution with respect to previous studies.
3 METHOD
It has been demonstrated that it is possible to obtain the Green’s
function for a path between two receivers from the cross-correlation
of a diffuse wavefield between them (e.g. Snieder 2004). Following
this idea, and considering seismic ambient noise as a diffuse field
with homogeneous distribution of noise sources, several surface
wave tomography studies using ambient noise have been carried out
in different regions, ranging in scale from local to continental (e.g.
Yao et al. 2006; Lin et al. 2007; Villasen˜or et al. 2007; Yang et al.
2007; Bensen et al. 2008; Stehly et al. 2009). In these studies, the
obtained dispersion maps correlate well with geologic and tectonic
features, even in cases when the distribution of noise sources is not
homogeneous.
The approach of using ambient noise has several advantages with
respect to traditional earthquake surface wave tomography. A first
advantage is that the range of computed frequencies depends on
the interstation distance instead of on the earthquake station dis-
tance. Consequently, tomography of regions with low seismicity or
constrained to a localized area can be improved in frequency and
azimuthal coverage with a dense homogeneous broadband network.
It is important to get a wide range of frequencies because surface
wave sensitivity to shear velocity at different depths depends on the
wave period. Another advantage is the higher resolution obtained
with ambient noise tomography because of the increasing number
of temporal and permanent broadband deployments in many re-
gions, including high-density deployments such as USArray (e.g.
Ritzwoller 2008; Yang&Ritzwoller 2008). Finally, another strength
of this method consists on its repeatability, which allows to obtain
quantitative estimates of the measurement uncertainties.
In this study we will follow three main steps: obtaining
interstation Green’s functions from cross-correlation of seismic
ambient noise records; computing Rayleigh wave dispersion mea-
surements (phase and group velocities) and inverting the measured
surface wave velocities to obtain 2-D tomographic maps at different
periods.
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3.1 Green’s functions from noise cross-correlation
Interstation empirical Green’s functions can be extracted from the
cross-correlation of long, continuous recordings of seismic ambi-
ent noise (Shapiro & Campillo 2004; Lin et al. 2008). The time
length required to obtain reliable Green’s functions depends on the
wave period. In this study we use 30 months of continuous vertical
component recordings, which provide robust estimates of Rayleigh
waveGreen’s functions in the period band of 5–60 s. To compute the
Green’s functions by cross-correlation we follow the methodology
described in details by Bensen et al. (2007) which is briefly summa-
rized here. First, we cut the continuous data in one-day segments,
eliminate the mean and trend and remove the instrument response
to obtain velocity records. Then we apply a signal normalization
procedure in the time domain to eliminate the effect of earthquakes
and other large amplitude signals. We also apply a normalization
or ‘whitening’ in the frequency domain, to flatten the amplitude
spectrum of the ambient noise in the period band of interest. After
these corrections, we perform the cross-correlation between all sta-
tion pairs. Cross-correlations are obtained in the frequency domain
and added together (stacked) to increase the signal-to-noise ratio
(SNR) of the resulting Green’s function. As can be seen in Fig. 3,
the causal and acausal signals (at positive and negative times, re-
spectively) for the Rayleigh wave Green’s function can be clearly
Figure 3. Record section of stacked cross-correlations from 2006 to 2008
of station CCIG with all other stations. Cross-correlations have been filtered
between 25 and 50 s. Location of station CCIG is shown in the inset of
Fig. 4(b).
observed for most of the cross-correlations and for a wide range
of distances. Fig. 3 shows a record section of cross-correlations of
ambient noise recorded at station CCIG (see Fig. 4 for location)
with all other stations, to distances greater than 3000 km.
To reject data from stations with timing errors, we visually com-
pare monthly stacked cross-correlations between nearby stations,
and identify differences in the arrival of the energy of the Rayleigh
wave between months. This has allowed us to find four stations
in our data set which had time problems during 8 months of their
recording history, and that were therefore rejected when calculat-
ing the stacked cross-correlations. Finally, to increase the SNR of
the cross-correlations and to reduce the effect of uneven azimuthal
distribution of noise sources we stack all available one-day cross-
correlations for each station pair and calculate the so-called ‘sym-
metric’ cross-correlation, by averaging the causal and acausal sig-
nals. For the following steps we will use these symmetric stacked
cross-correlations.
3.2 Measurement of Rayleigh wave group and phase
velocities
The Rayleigh wave surface wave dispersion measurements, that is,
phase and group velocities (c and U , respectively), are calculated
using an automatic implementation of the frequency-time analy-
sis of Levshin et al. (1972). The computation of c and U is done
independently, allowing to check the consistency of the measure-
ments and to use both of them as independent data in the inver-
sion for shear wave structure. This automatic implementation (Lin
et al. 2008) allows to quickly process the large amount of cross-
correlations that are commonly generated in this type of studies,
allowing to test different parameters for the pre-processing steps.
However automation has the drawback that it can generate unreliable
measurements, particularly for cross-correlations with low SNR. To
eliminate bad measurements and to evaluate their uncertainties we
have first visually inspected the stability of the results and then
followed the methodology proposed by Bensen et al. (2008). This
involves obtaining dispersion curves for 3-month intervals during
the entire time period of our data (January, February and March
from 2006 to 2008; February, March and April from 2006 to 2008,
etc.) and calculating dispersion measurements for all the 3-month
cross-correlations. The standard deviation of these measurements
is used as the uncertainty of the group and phase velocities.
Figure 4. Example of the spatial robustness of the dispersion measurements: (a) normalized stacked symmetric ambient noise cross-correlation between
stations CMIG and LPIG (red line) and between stations CMIG and NE85 (black line). Note the similarity on the arrival times of the Rayleigh wave; (b)
Rayleigh group and phase velocity dispersion curves for the cross-correlations shown in (a). The map inset shows station and path locations.
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3.3 Tomographic inversion
Using the tomographic method of Barmin et al. (2001), we obtain
group and phase velocity maps for periods between 8 and 60 s on
a 1◦ × 1◦ grid. This method uses ray theory and therefore consid-
ers that surface waves only sample the great circle path that links
each station pair. However, off-great-circle propagation is partially
taken into account by considering a non-zero ray-width sensitiv-
ity as a Gaussian function centred on the ray path, whose width is
determined by the spatial smoothing parameter σ . In spite of the
limitations of ray theory, it has been recently shown by Ritzwoller
et al. (2011) that below 40 s period, ray-based ambient noise to-
mography can ignore wavefield complexities (e.g. finite frequency
effects, wave front healing, near-station back scattering). Above
∼50 s period, however, these effects become increasingly important
both for ambient noise and earthquakes.
The inversion approach of Barmin et al. (2001) tries to minimize
a penalty function (their eq. 15) that depends on three parame-
ters: α is the damping parameter for the data misfit, β controls the
smoothness of the model and σ is the Gaussian smoothing width
(in km) that has already been introduced.Weperformed a large num-
ber of inversions varying the values of these parameters. The final
values used were chosen as a compromise between good data fit,
small model roughness and stability of the features in the resulting
models.
For the tomographic inversion we select the group and phase
velocities following a two-step procedure. First we select all dis-
persion measurements with SNR > 10 for interstation paths that
contain at least 3 complete wavelengths for the period considered.
Measurements that do not meet these criteria are discarded for both
steps of the inversion procedure. For the purpose of data selection,
SNR is calculated for each period as the ratio between themaximum
amplitude of the narrow-band filtered symmetric cross-correlation
centred at the given period, and the root mean square (RMS) am-
plitude of a 500 s noise window measured after the Rayleigh wave
arrival (Bensen et al. 2007). With this initial selection we generate
very smooth dispersion maps (α = 1000, β = 50 and σ = 400 km)
for each period that are used to identify and reject outliers with high
traveltime residuals. We reject measurements whose residuals with
respect to the smooth model are greater than three standard devi-
ations from the mean at each period. After rejecting the outliers,
the remaining measurements are used on a second tomographic
inversion with lower damping parameters (α = 500, β = 10 and
σ = 150 km) to obtain the final group and phase velocity maps. The
percentage of rejected outliers ranges from 1 to 3 per cent of the
initial selection, depending on the period considered.
4 RESULTS
The robustness of the dispersion measurements is shown in Figs 4
and 5. Fig. 4(a) shows cross-correlations for two ∼1800-km long
nearby paths from station CMIG to stations LPIG and NE85 that
are separated only 14 km (see inset in Fig. 4b for location). Both
Green’s functions are very similar particularly around the arrival
of the Rayleigh wave train. This similarity can be clearly observed
by comparing the dispersion curves for both paths (Fig. 4b). Phase
and group velocities between 20 and 45 s for both paths differ by
less than one standard deviation, and the largest difference occurs
at short periods for which the SNR of the CMIG-NE85 cross-
correlation is low partly because of the few data stacked (151 d)
in contrast to the 288 d stacked for CMIG-LPIG. A more quan-
titative measure of the reliability of the dispersion measurements
from seismic ambient noise correlations is shown in Fig. 5, where
the velocities calculated from stacked correlations for all available
records between stations CMIG and TUC (see inset in Fig. 4b for
location) are compared with the 3-month correlations. Phase veloc-
ity measurements from 3-month stacks are less variable than their
equivalent group velocities (Fig. 5a). The surface wave velocities
(group and phase) measured from the cross-correlation stacked for
the entire time duration available coincides within one standard de-
viation with the average of all the 3-month correlations (Fig. 5a).
Fig. 5(b) shows that the SNR of the cross-correlations for CMIG-
TUC increases with the number of daily correlations stacked, and
that this improvement is most significant for periods greater than
30 s. Comparison of dispersion curves measured from different sea-
sonal correlations show that the value and shape of SNR as a func-
tion of period depends not only on the number of days stacked, but
also on the season of the year. This variability in signal strength may
indicate a seasonal dependency of noise sources besides the effect
of the number and quality of the records correlated. Fig. 6 shows
that the average standard deviation of group and phase velocities for
Figure 5. Example of the temporal robustness of the dispersion measurements and their uncertainties. (a) Phase and group velocity curves for the station pair
CMIG–TUC computed from all available stacked cross-correlations (black curves), from 3-month stacked correlations (grey curves), and their average values
(grey circles). Error bars indicate standard deviation from the average for each period. (b) SNR of CMIG–TUC cross-correlations as a function of period: all
available records stack (672 d; black curve), and 3-month stacks (grey curves). Note the improvement of SNR with the number of days stacked. Location of
station TUC is shown in the inset of Fig. 4(b).
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Figure 6. Average standard deviation for Rayleigh wave group (solid line)
and phase (dotted line) velocity measurements as a function of period,
computed from all the 3-month stacked correlations.
all interstation paths measured from the 3-month cross-correlations
increases with period. It can also be noted that the average standard
deviation is smaller for phase velocity than for group velocity at all
periods, in agreement with the results shown in Fig. 5.
In this study we have obtained more than 2500 dispersion curves
for different interstation paths through a variety of tectonic regions.
The diversity in tectonic and structural regions manifests in differ-
ences in surface wave dispersion curves, as seen in Fig. 7. Group
and phase velocity curves of paths along and across the Trans-
Mexican Volcanic Belt (TMVB) present lower values than those
for paths through other crustal blocks, like the Gulf of California,
Pacific coast and Chortis block (Figs 7a and b). For the Mayan
block, group and phase velocities at periods longer than 40 s are
also higher than those that travel through the TMVB, but similar
at shorter periods. Group velocities through the TMVB show a lo-
cal minimum between 10 and 20 s, in agreement with the results
of Iglesias et al. (2010). These paths cross active volcanic arcs
(TMVB) and this group velocity minimum might be related to par-
tially melted material associated with subduction. The dispersion
curves through theMayan and Chortis blocks differ significantly in-
dicating that, although both of them are continental in nature, their
seismic structure in depth is quite different, as will be seen in the
phase and group velocity maps shown later.
The final number of paths used on the tomographic inver-
sion is reduced with respect to the initial number, based on the
criteria: SNR > 10; 3 complete wavelengths and maximum travel-
time residual. The reduction is more important for periods longer
than 30 s, because many paths between nearby stations do not meet
the 3-wavelength criterion and also because the measurements at
long periods are less reliable (Fig. 8a). This last limitation can be
improved by stacking a larger number of days, as seen in Fig. 5.
The criterion of selecting only dispersion measurements with SNR
> 10 affects mainly to periods shorter than 25 s (Fig. 8b). The
average residual of group and phase velocities from tomographic
inversions is reduced considerably when outliers are rejected from
the inversion (Figs 8c and d). Despite the rejection of outliers on
the first inversion (between 1 and 3 per cent of the initial selection,
depending on the period), some paths with high residuals remain
in the final data set. However, the total number of paths with high
residuals is small and the RMS of the residuals ranges from 8 to 13 s
for group velocities and from 2 to 5 s for phase velocities (Fig. 8e).
Periods shorter than 25 s present the largest time residuals for both
group and phase velocities.
To investigate the effects of the non-isotropic distribution of in-
terstation ray paths, we have performed synthetic reconstruction
tests. We have created a synthetic model consisting of four spike
anomalies (2◦ × 2◦ in size with +6 per cent anomaly with respect
to the average velocity) in representative parts of the model region.
We invert the synthetic dispersion curves with the same damping
parameters that we have used for our data, and the results are shown
in Fig. 9 for three different periods (10, 20 and 50 s). The recon-
structed spikes are slightly larger in size than the input ones but, in
spite of the predominance of NW–SE rays, there is little smearing
in the reconstructed anomalies along this direction, suggesting that
the amount of crossing rays is sufficient to reduce this effect.
Following the approach of Barmin et al. (2001), we have also
computed resolution maps for the different periods considered in
this study (Fig. 10). According to these results, features with wave-
lengths of 250 km and larger are well resolved for Mexico and
Central America. The Gulf of Mexico is poorly sampled for peri-
ods smaller that 30 s and the CAR (particularly its eastern part) is
Figure 7. (a) Rayleigh wave group and (b) phase velocity dispersion curves across different tectonic provinces. TMVB, Trans-Mexican Volcanic Belt; MAY,
Mayan block; MSZ, Motagua Suture Zone.
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Figure 8. (a) Comparison between the number of paths as a function of period satisfying the SNR > 10 criterion (black line) and the number of group
(red line) and phase (blue line) velocity measurements satisfying the 3 wavelength and the residual criteria. (b) Average SNR before and after applying the
SNR > 10 selection criterion (dashed and solid lines, respectively). (c) Average group velocity final traveltime residuals of all paths as a function of period
(open squares). Error bars indicate the standard deviation with respect to the average. (d) Same as (c) but for phase velocities. (e) RMS of the final traveltime
residuals for group velocity (solid) and phase velocity (dotted).
poorly resolved at all periods considered, as can be seen from the
resolution and path density maps (Fig. 10).
5 DISCUSSION
In this section we analyse the obtained group and phase velocity
maps in terms of the geologic and tectonic features of the region. At
short periods (less than 16 s) low-velocity anomalies are associated
with sedimentary basins and high-velocity anomalieswithmountain
ranges. On the other hand, the intermediate periods (20–35 s) are
sensitive to crustal thickness and shear velocity in the lower crust
and upper mantle, with low-velocity anomalies indicating a thick
crust or a crust with high temperature and/or fluid content. At long
periods (50–80 s), phase velocities have maximum sensitivity to
structures at 50–150 km depth.
The wide range of periods considered in this study allows sam-
pling different depths, from the upper crust to the uppermostmantle.
For a given period, estimated group and phase velocities are sen-
sitive to different depth ranges. Based on the sensitivity kernels
computed for the PREM model (Dziewonski & Anderson 1981)
with the ocean layer replaced by consolidated sediments, surface
wave phase velocity is sensitive to deeper features than group ve-
locity for the same period (e.g. Bensen et al. 2008). Consequently,
Rayleigh wave phase velocity at 25 s is sensitive to the same depth
than group velocity at 40 s, around 30–50 km to the uppermost
mantle. Our velocity maps at these periods are similar, which gives
a qualitative indication of the consistency of the results. Phase
velocity sensitivity kernels show a positive relation between phase
velocity c and shear wave velocity vS at 10, 20, 25 and 60 s period
and at all depths, in contrast with group velocity U sensitivity ker-
nels that depends on vS positively and negatively for some periods
at some depths. This means that it is easier to relate changes of
c with vS than changes of U . Our results generally agree at short
periods with previous local tomographic studies and at long periods
(T ∼50 s) with regional surface wave studies. The largest anoma-
lies are obtained for periods from 10 to 25 s for group and phase
velocities. Here follows a more detailed discussion of the maps at
different period bands.
5.1 Short periods: 8–16 s
Group and phase velocity maps at short periods show good corre-
lation with surface geological structures of the study region. The
lowest velocity anomalies observed (up to 20 per cent) correspond
to sedimentary basins. Two low-velocity anomalies are observed
up to 20 s indicating a great thickness of sedimentary deposits.
Both are marine sedimentary basins on the Gulf of Mexico, the
Mississippi basin on the north and the Campeche basin on the south
(Fig. 11). Other low-velocity anomalies are also observed, but only
up to 14 s, at the Colorado embayment and offshore south of the
Baja California peninsula. The high-velocity anomalies at 10 s cor-
respond to mountain ranges, such as the Sierra Madre Oriental, the
Sierra Madre Occidental and the Sierra Madre del Sur. Some local
very high-velocity anomalies on the 10 s group velocity maps are
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Figure 9. Synthetic reconstruction test of four spike anomalies. The size of the spikes is 2◦ × 2◦ and the magnitude of the anomaly +6 per cent with respect to
the average velocity: (a) input synthetic model, (b) reconstruction for 10 s, (c) reconstruction for 20 s and (d) reconstruction for 50 s. The value of the average
velocity is indicated in each panel.
not correlated with mountain ranges but coincide with Palaeozoic
and Mesozoic terranes as shown in Fig. 1(a). The sediment thick-
ness map of Laske &Masters (1997) and the crustal thickness from
CRUST2.0 (Bassin et al. 2000) are shown in Fig. 12, together with
the 8 and 40 s group velocity maps for comparison. There is general
agreement between the sediment thickness and the 8 s group veloc-
ity map, although not all anomalies coincide. At 16 s, the Gulf of
California presents a high group velocity anomaly (at 10 s for phase
velocity) that increases in value and in area with period, reaching a
20 per cent value at 20 s. This anomaly is consistent with the exten-
sion on the north of the Gulf and the system of spreading centres
and transform faults in the south, and agrees with the results of
Zhang et al. (2007). At this period, the high-velocity anomaly on
the Gulf of California extends onto the western part of the Mexican
mainland, indicating a thinner crust than in the rest of Mexico.
5.2 Intermediate periods: 20–40 s
At these periods we observe high-velocity anomalies associated
with thin oceanic crust at the south of the Gulf of California and
also on the Pacific coast, north of the Baja California peninsula.
The high-velocity anomalies on the Gulf of California are discon-
tinuous and their distribution changes with period. We also observe
high-velocity anomalies that correspond to shallow basement rocks.
Some examples of this are the Florida Peninsula (Mesozoic) and
the south of the Appalachian and Ouachita mountains (Palaeozoic),
which surround the low-velocity anomaly of the Mississippi basin.
These high-velocity anomalies are clearly seen at 30 s period on
the phase velocity map. It is worth noting the sharp discontinuity
between high- and low-velocity anomalies on the Gulf of California
and Pacific coast of Mexico and Mexico mainland. The boundary
is not parallel to the coast and is closer to the coast around the area
where the Rivera plate begins to subduct beneath Mexico. Another
significant feature is the contrast between the high velocities on
the southeastern US–Gulf of Mexico–Mayan block, and the low
velocities from the west-central US (Basin and Range province)
towards the south and along Central Mexico, up to the Tehuante-
pec Isthmus, that continues on the Central American volcanic arc
(CAVA). The high-velocity anomaly beneath the Mayan block co-
incides with areas of relatively thin crust according to CRUST 2.0
(Fig. 12). Conversely, for this period band, low-velocity anomalies
coincide with areas of thick crust according to CRUST 2.0. Finally,
a pronounced low-velocity anomaly is clearly seen on the TMVB.
At 20 s, the western part of the TMVB is characterized by relatively
high velocities although at 30 s period the low-velocity anomaly is
coincident with the TMVB and the lowest anomaly is located at the
centre and towards the southeast.
5.3 Longer periods: 50–60 s
The most significant lateral velocity variation at these periods is
the contrast between high velocities on the southern and eastern
US–Mayan block and low velocities beneath the southern Basin
and Range, mainland Mexico and Central America. This shows
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Crustal structure of Mexico 1421
Figure 10. (a)–(d) Path density (number of ray paths that sample each 1◦ × 1◦ cell) of the data set used to obtain group velocity maps at 10, 20, 30 and 50 s
period. (e)–(h) Estimated resolution in kilometres for group velocity maps at 10, 20, 30 and 50 s period.
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Figure 11. (a) and (b) Group velocity maps at 10, 20, 30 and 50 s period. Thick grey contour indicates the area with resolution better than 250 km. The
reference velocity is indicated in each panel. (e)–(h) Phase velocity maps at 10, 20, 30 and 50 s period. All other symbols as in (a)–(d). Note the different limits
of the colour scale for group and phase velocities.
the dichotomy between the cratonic part of the NAM and the tec-
tonically active western part. It is notable the difference of phase
velocity between the Mayan block and the CAVA and the Chortis
block. The most prominent high-velocity anomalies at these peri-
ods are at the southern and eastern US and on the north of the
Mayan block. This is consistent with the tectonic evolution mod-
els of the Gulf of Mexico proposed by Pindell & Kennan (2009).
In these models, the Mayan block is originally attached to the
C© 2012 The Authors, GJI, 188, 1413–1424
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Figure 12. Comparison between maps of sediment and crustal thickness with group velocity maps obtained in this study for different periods: (a) sediment
thickness from the model of Laske & Masters (1997); (b) crustal thickness from CRUST2.0; (c) group velocity maps at 8 s; (d) group velocity map at 40 s.
south-central US from where it rifted and rotated (30◦–40◦ clock-
wise) to its present position during the evolution of the Gulf of
Mexico (approximately from 158 to 130 Ma). For these periods
the most prominent low-velocity anomaly is also located along the
TMVB. Low velocities at these long periods can be related to high
temperatures, possibly caused by partially melted material and/or
high fluid content, and to the presence of thickened crust.
6 CONCLUSIONS
The use of seismic ambient noise and the increasing number of
broadband stations in Mexico, Caribbean and vicinity has allowed
us to obtain new fundamental-mode Rayleigh wave group and
phase velocity maps from 8 to 60 s period with a higher resolution
(∼250 km inMexico) than previous surface wave studies. The main
features observed on the velocitymaps are, at short periods (8–25 s),
the low-velocity anomaly of the Mississippi basin and the high ve-
locity beneath the California Gulf, related with the crustal thinning
because of extension in the region. From 20 to 50 s, low-velocity
anomalies along the active volcanic belts (TMVB and CAVA) con-
trast with the high velocities beneath the Mayan block, indicating a
very different origin and structure. At periods equal or greater than
50 s, it is remarkable that the difference between the high velocities
on southeastern US–Mayan block, and the low velocities along the
southwestern USA, north and central Mexico and the western part
of the Chortis block. The similarity of the high-velocity anomalies
observed between southeastern US and Mayan block is consistent
with their common origin and their evolution as proposed by evolu-
tion models of the Gulf ofMexico. The Rayleigh fundamental mode
group and phase velocities calculated in this study will be useful
as input to constrain a crust and upper-mantle 3-D shear velocity
model of Mexico and vicinity.
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